Context Controlling postoperative pain after knee replacement while reducing opiodinduced adverse effects and improving outcomes remains an important challenge.
P OSTOPERATIVE PAIN AFFECTS A variety of physiological functions and can adversely influence surgical outcome. 1 Efficient management of acute postoperative pain has been demonstrated to improve clinical outcome 2 and effective postoperative analgesia is part of a major initiative for US hospitals, with the introduction of pain as the fifth monitored vital sign. 3 Surgical trauma induces cyclooxygenase 2 (COX-2) and subsequent synthesis of prostaglandins that sensitize peripheral nociceptors and mediate central sensitization. 4 In addition to analgesic synergism with opioids, 5 nonsteroidal anti-inflammatory drugs (NSAIDs) decrease this inflammatory response associated with surgery. 6 There is evidence that prostaglandin synthesis plays a role in postoperative orthopedic pain. 7 Inadequate control of postoperative pain has been associated with poor functional recovery after total knee arthroplasty (TKA). 8 Preoperative administration of NSAIDs may be effective by establishing a sufficient tissue NSAID concentration to inhibit the early production of prostanoids before the onset of tissue trauma, thus attenuating the development of hyperalgesia. 6, 9 However, nonselective use of NSAIDs is often limited in surgical patients because of concerns about increased bleeding. 10 NSAIDs are frequently discontinued 7 to 10 days before elective orthopedic surgery because studies have demonstrated that continuing nonselective NSAID therapy is associated with a 2-fold increase in blood loss after hip arthroplasty. 11 Selective COX-2 inhibitors have little or no effect on coagulation and are therefore attractive for use in the surgical setting. Rofecoxib, an oral selective COX-2 inhibitor, has been approved for the treatment of acute postoperative pain. Although preoperative administration of rofecoxib can reduce pain after knee arthroscopic surgery 12 as well as decrease opioid requirements after spinal fusion surgery 13 and otolaryngologic procedures, 14 other outcome benefits have not been demonstrated. A single preoperative dose of rofecoxib, however, has not been shown to be effective in reducing pain after radical prostatectomy. 15 Indeed, analgesic therapy initiated preemptively and continued postopera-tively may reduce both incisional and inflammatory pain as well as peripheral and central neural sensitization, and may improve outcome. 16 This study was designed to test the hypothesis that preoperative administration of a COX-2 inhibitor, followed by continued postoperative administration, reduces opioid requirements and improves clinical outcomes after TKA.
METHODS

Participants
The study was a randomized, placebocontrolled, double-blind trial conducted June 2001 through September 2002, enrolling patients undergoing TKA. After approval of the Rush-Presbyterian-St Luke's Medical Center institutional review board, consecutive patients scheduled to undergo elective primary TKA were contacted and assessed for study eligibility with a screening medical history (FIGURE 1). All prior NSAID therapy was discontinued 14 days prior to surgery. After providing written informed consent, each patient was allocated a study number; a pharmacist then dispensed the study drug to each participant. Consenting participants were contacted 2 to 3 days prior to scheduled surgery to review study procedures and to remind them to selfadminister the study medication prior to surgery.
Patients were excluded if they were younger than 21 years or older than 80 years; American Society of Anesthesiologists physical status IV; or had a history of allergic reaction to rofecoxib, renal insufficiency (defined as serum creatinine level Ͼ1.5 mg/dL [132.6 µmol/L] or blood urea nitrogen level Ͼ22 mg/dL [7.9 mmol/L]), severe inflammatory bowel disease, known coagulation abnormality or hepatic disease, or had used opioids, sedatives, or hypnotics preoperatively. Enrolled patients were randomly allocated using a random-number table to receive either rofecoxib or placebo, without stratification by demographic characteristics.
Interventions
Patients in the rofecoxib group received 50 mg of rofecoxib orally, 24 hours before and 1 to 2 hours before the surgery. Patients randomized to this group also received 50 mg of rofecoxib orally once daily on postoperative days 1 through 5. Beginning on the sixth postoperative day they received 25 mg of rofecoxib orally once daily for another 8 days. The control group received placebo doses at the same times preoperatively and postoperatively.
The study patients were blinded to group assignments, as were the physicians and nurses managing the patient during surgery and in the recovery room, and as were the personnel involved with postoperative pain assessment and management of the epidural infusion. During the conduct of the study, only the dispensing pharmacist had knowledge of the study codes. Treatment assignment codes were not available to the investigators until all patients completed the study.
Sample sizes were chosen to detect clinically relevant differences using a power analysis based on previously published data evaluating the effect of rofecoxib on opioid consumption after spinal fusion surgery. 13 A sample size of 35 patients per group was chosen to provide greater than 90% power to de- 
Protocol
Demographic data were recorded during the preoperative visit. A pain score for the operated knee was assessed using a visual analog scale (VAS) with 0 corresponding to "no pain" and 10 to "the worst imaginable pain." 18 In the operating room, patients were sedated with midazolam (0.05 mg/kg, titrated to effect) and a combined spinal-epidural procedure performed in the sitting position, at the L2-3 or L3-4 vertebral level.
If clear cerebrospinal fluid (CSF) was not obtained the patient was removed from the study. After obtaining clear CSF, 1.5 mL of 0.75% hyperbaric bupivacaine with 25 µg of fentanyl was injected. After the intrathecal injection, an epidural catheter was inserted 3 to 5 cm into the epidural space. Prior to administering spinal anesthetic, 0.5 mL of CSF was removed and venous blood (5 mL) was simultaneously sampled from oddnumbered study patients for the analysis of CSF and plasma rofecoxib concentrations. A sensory analgesic level of T10 was obtained prior to commencement of surgery. Patients were sedated with intravenous propofol (50-75 µg/kg per hour) for the duration of surgery. Heart rate, blood pressure, oxygen saturation, temperature, and respiration were monitored per American Society of Anesthesiologists guidelines. A standardized surgical technique was used in all patients, including a thigh tourniquet inflated to 300 to 350 mm Hg after exsanguination of the limb with an Esmarch bandage. At completion of surgery an epidural infusion of fentanyl (10 µg/mL) and bupivacaine (1 mg/mL) 19 was initiated using a continuous basal infusion with superimposed patient-controlled epidural analgesia (PCEA) bolus doses. Patients initially received a 5-mL/h basal epidural infusion, plus PCEA of 1 mL every 12 minutes with a 4-hour lockout of 40 mL. The patients were instructed prior to surgery to use the PCEA mode at their discretion to maintain the VAS pain score between 2 and 4.
Analgesia was assessed 1 hour after commencement of the epidural infusion using the VAS. If the VAS score was 4 or greater and the maximum number of PCEA boluses was used, patients received 1 to 2 mg of intravenous morphine (maximum, 10 mg over 2 hours). If the VAS score remained 4 or greater after 4 hours of the epidural infusion, the epidural catheter was tested for proper position with 3 mL of lidocaine (20 mg/mL) containing epinephrine. If the test dose produced sensory analgesia the epidural infusion was increased in increments of 1 to 2 mL/h to achieve a VAS score less than 4. If the VAS score was 2 or less after 4 hours without any PCEA doses, the basal epidural infusion was decreased by 1 to 2 mL /h and the patient was reminded to use PCEA to maintain the desired level of analgesia. When the epidural infusion was discontinued (between 36-42 hours) patients were transitioned to oral hydrocodone (5 mg every 4-6 hours as needed), unless allergy necessitated use of propoxyphene.
Objectives
The primary objective was to determine whether perioperative use of a selective COX-2 inhibitor reduced the amount of postoperative opioid consumption when analgesia was titrated to a standard goal (VAS score of 2-4) after TKA. The secondary objective was to determine if perioperative use of rofecoxib was associated with improved clinical outcome (and/or decreased adverse effects) in this setting.
Outcome Measures
Epidural and Pain Assessment. Pain scores using the VAS for the operated knee were assessed in the recovery room, 1 hour after epidural infusion was commenced, and every 8 hours for the immediate postoperative phase (24 hours). The total (continuous and PCEA mode) epidural medication consumption, total number of PCEA demands, and number of delivered boluses were recorded for each 4-hour interval postoperatively. All other opioid consumption was recorded and subsequently converted to parenteral morphine-equivalents (5 mg of hydrocodone was considered to be equivalent to 2.5 mg of parenteral morphine) for statistical comparisons. The VAS score was assessed twice daily for the duration of the hospital stay (3-4 days) and then once daily at home for 2 weeks. Home VAS scores were recorded by the patient in a diary and collected at completion of the study.
Nausea and Vomiting. The occurrences of postoperative nausea and vomiting (PONV) were recorded based on answers to standardized questions in the morning (7:00 AM) and evening (7:00 PM) each day during hospitalization. Patients with PONV were treated initially with intravenous metoclopramide (10 mg) and then intravenous odansetron (4 mg) if needed.
Range of Motion. Physical therapy was initiated on the first postoperative day. The degree of active (ie, patient moving the knee) and passive (ie, movement of the knee with the aid of physical therapist) knee flexion tolerated by each patient and the number of days required until obtaining 90°of active knee flexion were recorded by the physical therapist twice daily until discharge from the hospital. Knee flexion was measured by centering the fulcrum of a goniometer over the lateral epicondyle of the femur. The proximal arm of the goniometer was aligned with the lateral midline of the femur, using the greater trochanter for reference. The distal arm of the goniometer was aligned with the lateral midline of the fibula using the lateral malleolus and fibular head for reference. 20 The latter method was also used to assess range of motion of the knee preoperatively and 1 month postoperatively.
Sleep and Satisfaction. Patients rated sleep disturbance during the previous 24 hours for each day of the hospital stay (10-point scale: 0 = no sleep disturbance, 10 = greatest sleep disturbance). 21 Patient satisfaction with regard to hospitalization, course of treatment, anesthesia, and analgesia (assessed using 5-point scale: 1=no efficacy and 5=excellent efficacy) was de-termined by a telephone survey 2 weeks and again 1 month after discharge from the hospital. 22 Plasma and CSF Analysis of Rofecoxib. The CSF and venous blood samples drawn at the initiation of combined spinal-epidural anesthesia were frozen at −80°C. All samples were sent frozen to Merck Frosst Canada (Kirkland, Quebec) for assay of rofecoxib concentration using highpressure liquid chromatography, as previously described. 23 The detection level for free rofecoxib was 0.02 µg/mL in CSF and 0.05 µg/mL in plasma.
Hematologic Evaluation. A complete blood cell count, platelet count, pro-thrombin time (PT), and international normalized ratio (INR) were obtained preoperatively. Intraoperative blood loss was estimated from surgical sponges and from blood volume measured in a suction canister prior to wound irrigation. Postoperative blood loss was assessed by measuring the amount of blood collected in a knee drainage device (Con-staVac CBCII Blood Conservation System, Stryker Corp, Kalamazoo, Mich) during the first 24 hours. Any blood product transfused in the perioperative phase was recorded. Postoperatively, complete blood cell count, PT, and INR were obtained daily and the doses of warfarin prescribed by a hematologist (blinded to study group) to achieve the therapeutic effect for thromboembolism prophylaxis were recorded.
Statistical Methods
Demographic data were analyzed using t tests, 2 tests, and Fisher exact tests, as appropriate. Correspondingly, descriptive statistics are reported as mean and SD for continuous normally distributed variables, or as median and interquartile range (IQR) for ordinal or nonnormally distributed variables. Dichotomous variables are reported using counts and/or percentages.
Variables with measures at multiple time points were analyzed using repeated-measures analysis of variance to account for the correlated nature of individual patient contributions. The primary and secondary study hypotheses determined the form and construction of the preplanned comparisons, which were evaluated using a bootstrap method to control for multiple comparisons. 24 End points of interest were analyzed using analysis of variance, t tests, the Mantel-Haenszel test, or the Mann-Whitney U test, contingent on the scale and distributional characteristics of the variables, and applying the Bonferroni correction method to adjust for multiple comparisons. Relationships between variables were evaluated using either the Pearson product-moment correlation or the Spearman rankorder correlation (for ordinal data), with modeling performed using simple linear regression. The log-rank statistic was used to test differences between groups in the Kaplan-Meier analyses for achievement of 90°knee flexion. All statistical analyses were performed using SAS version 8.2 (SAS Institute Inc, Cary, NC; PϽ.05 was used to determine statistical significance).
RESULTS
Study Population
The characteristics of the 70 patients who were included in the intent-totreat analysis are shown in TABLE 1. There were no differences in demographic characteristics, surgical duration, intraoperative hemodynamic pa- rameters, or amount of fluid therapy between study groups. A total of 70 patients were enrolled in the study, with 66 (94%) completing the study (Figure 1) . The percentage of patients who completed the study did not differ between treatment groups. One patient in the rofecoxib group had early study termination due to pulmonary embolus and 1 patient in the placebo group had the epidural infusion stopped to evaluate new-onset foot drop. There was technical failure to initiate combined spinal-epidural anesthesia in 2 patients, who were immediately withdrawn from the study. Because a primary outcome variable was opioid consumption, the modified intent-to-treat analysis was applied to 68 patients. Statistical outcomes did not change when the sample was restricted to the intent-to-treat population compared with the cohort completing the protocol (n = 66). (TABLE 2) . The mean intravenous morphine dose required for breakthrough pain during the first postoperative day was 2.5 (SD, 4.3) mg for the rofecoxib group compared with 5.4 (SD, 4.8) mg for the placebo group (P=.02). There was a decrease in the morphine equivalents consumed for postoperative pain by the rofecoxib group from 42 hours postsurgery until hospital discharge compared with the placebo group (Table 2) .
Outcomes
Ancillary Analyses
Pain Scores. There was no intergroup difference in the pain score for the operated knee before surgery. Although both study groups were able to use PCEA to achieve a VAS score of 4 or less for pain in the operated knee during the immediate postoperative period, the mean VAS score for the knee was less in the rofecoxib group compared with the placebo group during the hospital stay (FIGURE 3) . Median VAS scores showed a similar relationship for the same time period (median [IQR] pain score, 2.2 [1.4-3.2] vs 3.5 [2.7-4.3] for the rofecoxib group vs the placebo group, respectively; PϽ.001), and a similar decrease in pain score was observed 1 week after discharge from the hospital (median [IQR] pain score, 2.6 [1.4-3.5] vs 3.7 [2.9-4.7], respectively; P = .03) ( Table 2 ). The mean length of stay was 3.2 (IQR, 3-4) days for the rofecoxib group vs 3.3 (IQR, 3-4) days for the placebo group.
Nausea and Vomiting. There was a decrease in the incidence of postoperative vomiting in the rofecoxib group compared with the placebo group on the first postoperative day (TABLE 3) . In the rofecoxib group, there was also a lower incidence of nausea (24%, compared with 44% in the placebo group; P=.08) but this did not achieve statistical significance. Fewer patients received antiemetic therapy for PONV in the rofecoxib group compared with the placebo group.
Range of Motion.
There was no intergroup difference in the range of motion of the operated knee prior to surgery. At time of hospital discharge and at 1-month follow-up, passive and active flexion of the operated knee were greater in the rofecoxib group compared with the placebo group (Table 3) . Kaplan-Meier analysis demonstrated earlier achievement of 90°of knee flexion with rofecoxib compared with placebo (P =.04) (FIGURE 4) . Sleep Disturbance. There was a decrease in sleep disturbance on the first Plasma and CSF Rofecoxib Level. Eighteen patients in the rofecoxib group had plasma and CSF samples drawn for rofecoxib analysis. The mean plasma concentration of rofecoxib was 0.503 (SD, 0.198) µg/mL and the mean CSF concentration of rofecoxib was 0.033 (SD, 0.013) µg/mL. The CSF/plasma ratio of rofecoxib was 0.073 (SD, 0.030). The CSF concentration of rofecoxib increased (P=.002) and the 4-hour postoperative epidural drug consumption decreased (P=.02) as plasma level of rofecoxib increased. The patients who had plasma and CSF sampled for assays were not demographically different from the remaining patients in the rofecoxib group. There were no detectable levels of rofecoxib in any of the assayed placebo patients (n=17).
Hematologic Data. There were no differences in the preoperative complete blood cell count, PT, or INR between the 2 groups. There was no change in the hemoglobin concentration between the 2 groups in the postoperative period. Three patients received 1 unit of autologous blood transfusion: 2 in the placebo group and 1 in the rofecoxib group. There was no difference in the intraoperative or postoperative mean (SD) blood loss between study groups (intraoperative: 111. 8 
Adverse Events
None of the patients had any bleeding complications requiring therapy. One patient in the rofecoxib group had the epidural catheter removed prior to heparinization for documented pulmonary embolus. One patient in the placebo group developed a foot drop on the operated side after surgery and epidural analgesia was discontinued while assessing etiology.
COMMENT
The main findings of this randomized study are that preoperative administration of the COX-2 inhibitor rofecoxib, followed by continued postoperative administration, reduces opioid requirements and improves measured clinical outcomes after TKA.
Failure 25, 26 to demonstrate a beneficial outcome effect of preemptive analgesia in several clinical trials may be attributable either to insufficient peri- operative nociceptive afferent blockade or to the development of central sensitization once the pharmacological action of the initial preemptive analgesic has dissipated. 27 Outcome benefits may accrue from extension of specific preemptive analgesic therapy initiated preoperatively into the postoperative period. 28 Continuation of preoperative COX-2 inhibitor therapy during the postoperative and rehabilitative phase with maintained blockade of the inflammatory and prostanoid-mediated responses associated with orthopedic surgery was therefore hypothesized to improve postoperative outcome. A longacting COX-2 inhibitor such as rofecoxib (effective half-life, 17.5 hours) that can be ingested without food by a fasting preoperative patient 29 was chosen for study because these characteristics are favorable to such perioperative use. Although pain scores are typically the primary outcome measured in clinical pain studies, this trial was designed for greater clinical relevance by having patients titrate PCEA to achieve a reasonable level of comfort (defined as a VAS score of 2-4). Such use of PCEA facilitated demonstration of reduced patientdetermined requirement for epidural local anesthetic and opioid in the rofecoxib group. Patients in the rofecoxib group also consumed less parenteral and oral opioid while having lower mean pain scores during and after hospitalization. In addition to these analgesic benefits, patients receiving rofecoxib had less PONV and antiemetic therapy. Several factors are associated with PONV after regional anesthesia, including use of opioids and amount of postoperative pain. 30 While reduced opioid consumption and improved analgesia may be responsible for reduced PONV in this study, COX-2 inhibition alone can prevent pharmacologically induced emesis in animals. 31 Consistent with other data, 32 the reduction of PONV in the rofecoxib group was the predominant determinant of patient satisfaction, although other factors such as quality of analgesia and improved recovery of knee function (ie, range of motion) may have influenced satisfaction scores.
Range of motion is an important measure of outcome after TKA. 33 It has been demonstrated that, after TKA, 67°o f knee flexion is needed for the swing phase of gait, 83°to climb stairs, 90°t o descend stairs, and 93°to rise from a chair. 34 Further improvement in the range of motion to 106°is required for activities such as tying shoelaces. 35 The active knee flexion (73.2°) attained in our placebo group is similar to that reported in other studies using postoperative regional analgesia after TKA, 8, 36 while the rofecoxib group demonstrated greater knee functionality (84.2°a ctive flexion) at discharge. It is likely that this beneficial effect on knee function at discharge facilitated attainment of nearly full functionality (range of motion, Ͼ106°) in the rofecoxib group at 1 month after surgery. These beneficial effects have important economic implications for reducing the significant costs 37 associated with the additional time and physical therapy needed to achieve full knee function observed when patients did not receive rofecoxib.
Total sleep time and rapid eye movement sleep are typically reduced after surgery and anesthesia. 38 Although the decreased sleep disturbance observed in the rofecoxib group appears to correlate with plasma concentration of rofecoxib, our study design does not permit identification of specific mechanisms for this association. It is plausible that reduced use of opioids may be a factor, since opioids are known to disturb normal sleep patterns despite inducing sedation. 38 The increased need to use the PCEA mode also may have contributed to greater sleep disturbance in the placebo group.
Although the mechanism of action of COX-2 inhibitors predicts a lack of interference with platelet and coagulation factors, a small (5%-10%) potentiation of warfarin effect has been measured in volunteers given rofecoxib, possibly related to an increased plasma concentration of the R(+) warfarin enantiomer. 39 In addition, rofecoxib is highly protein bound and may inhibit warfarin binding to plasma protein, re-sulting in higher free warfarin levels and increased INR values. 40 Our findings of no significant change in the INR or PT when 50 mg of rofecoxib is coadministered with warfarin are consistent with the previous observations of Reuben et al, 41 and suggest that these pharmacodynamic effects are probably not clinically important in most patients.
Both laboratory [42] [43] [44] and clinical 6,45-47 data suggest that up-regulation of COX-2 plays a role in postoperative nociception and that COX-2 inhibition at the spinal level may be a key factor for efficacy of an NSAID administered prior to surgery. To our knowledge this is the first reported documentation of CSF concentrations of a selective COX-2 inhibitor after oral administration in humans. These findings do not represent steady-state measurements, which could result in greater CSF penetration of rofecoxib (as shown in our previous animal studies 48, 49 ). The importance of our findings is that increased plasma levels of rofecoxib at the start of surgery are correlated with decreased epidural analgesic consumption in the immediate postoperative period. The mean plasma concentrations measured after 2 oral (50 mg) doses of rofecoxib are consistent with values reported after other dosing regimens. 50 In summary, this study validates the efficacy of perioperative use of rofecoxib to reduce postoperative pain and opioid consumption after major orthopedic surgery. Our findings indicate that continuation of COX-2 inhibition during the postoperative and rehabilitative phases after TKA has important outcome benefits, including reduced PONV and shorter time in physical therapy to achieve effective joint range of motion.
